Background
==========

The localization of electrical activity on the basis of EEG recordings has found several applications in neuroscience. The location of this activity can be estimated from the calculation of inverse solutions in which the location, amplitude and orientation of a source are adjusted to obtain a best fit between the measured EEG\'s and the calculated potentials produced by the source. This calculation of the magnetic fields and electric potentials at the scalp due to a source in a head model is called the *forward problem*. As source model, the equivalent current dipole has been widely used as a source representing focal neural activity \[[@B1],[@B2]\]. Current dipoles do, however, not only impress a current at the source location. They also cause currents to flow in the surrounding tissue, or, so-called volume currents. These currents are influenced by the shape and conductivity of the different tissues. Clearly, the accuracy with which sources can be localized will be affected by a number of factors including source-modelling errors, head modelling errors and noise (biological (background EEG, blinking, etc.) and electrical).

The concentric multi-sphere model is commonly used for modelling the head, although, its simplistic geometry can result in localization errors. Alternative numerical forward solution approaches account for the individual shape of the head layers. One of these approaches is the boundary element method (BEM), where the head model consists of realistically shaped closed layers with different conductivity values. Although this method still has some severe limitations, such as homogeneity and isotropy of the tissues involved, it enables us to replace the spherical model of the head with a more realistically shaped model for EEG source localization.

Several authors have explored the effects of the depth of a dipolar source on localization accuracy using a spherical head model as volume conductor \[[@B3]-[@B6]\]. Using an experimentally constructed realistically shaped head model for inverse calculations, Menninghaus et al. \[[@B7]\] considered both radial and tangential dipoles placed between 10 and 30 mm below the brain surface. They found localization errors in the order of 2--4 mm. However, these sources represent activity only near the surface of the brain, which does not represent deep electrical sources, such as those in clinical epilepsy studies \[[@B8],[@B9]\]. Moreover, the effects of noise were not investigated. Yvert et al. \[[@B10]\] demonstrated the importance of dipole depth using a realistic head model with 32 electrodes for forward and inverse calculations, although the effects of noise were not investigated. In \[[@B11]\], the effects of simulated noise on dipole localization using realistic models were investigated. Here, localization errors were averaged over all dipole positions. It is left to be seen how noise affects dipoles of different depths and regions in realistically shaped head models.

The direction in which the source is orientated (i.e., tangential or radial to the cortical surface) may also play a role in how accurately it can be reconstructed. Previous theoretical studies have used spherical heads to investigate localization errors resulting from radial and tangential orientated dipoles \[[@B7],[@B12],[@B13]\]. Menninghaus et al. \[[@B7]\] reported higher localization errors for radial sources than tangential ones in a phantom study. However, the sources were limited to 30 mm below the cortical surface and only placed in the temporal region.

In this report, localization errors resulting from dipoles of different orientation and depth are investigated in simulated noisy environments using the same realistic head model for forward and inverse computations.

Methods
=======

Twenty-three tangential and radial dipoles were evenly spaced along the x and z axis in the parietal and temporal regions of the brain. Overall, 92 source locations with varying depths and orientations were used for forward computations in four realistic head models (Figure [1](#F1){ref-type="fig"}). The coordinate system is defined via the preauricular points and the nasion of the subject. The positive x-axis goes through the left preauricular point (PAL), the negative y-axis goes through the nasion and the positive z-axis runs perpendicular to the intersection of the x and y-axis, pointing from toe to head \[[@B14]\].

![Location of the parietal and temporal dipoles in a realistic head model. Only 5 of the 23 temporal and 7 of the 23 parietal dipole locations are shown. Each location is used to simulate the potentials of a tangential and radial dipole.](1475-925X-2-14-1){#F1}

Distribution of the parietal and temporal dipoles was based on the distance between the origin and the intersection of the z-axis and x-axis with the brain surface, respectively. The dipole depth relates to the distance between the dipole location and where the positive z-axis intercepts the brain surface for parietal sources, and negative x-axis for temporal sources.

Four realistic head models were generated from four individual MRI scans using the boundary element method (BEM) as described in \[[@B15]\]. Each realistic model consisted of approximately 2000 triangles per compartment with a triangle edge length of 12, 10 and 8 mm for the scalp, skull and brain regions, respectively. The data of each MRI scan consisted of 160 transverse slices, each containing 256\*256 voxels of 1 mm edge length. Time-varying signals via forward computations for the electric potentials were generated at 50 electrode sites on the scalp using the constant element approach of the BEM. All potentials were re-referenced to the average potential over all 50 electrodes. The 10--20 System was used for electrode placement. Each realistic head model contains a scalp, skull and brain compartment with conductivities set to 0.33, 0.0042, and 0.33 S/m, respectively, based on earlier literature \[[@B16]-[@B19]\]. Figure [2](#F2){ref-type="fig"} shows the average grand field power of the simulated potentials over all 50 electrodes for one head model using radial and tangential dipole sources at different depths.

![Simulated potentials due to tangential and radial dipoles at different depths. Potential values shown here are averaged over all 50 electrodes in one of the four realistically shaped head models. The potentials in the other head models show similar trends.](1475-925X-2-14-2){#F2}

For each forward computation, random, zero-mean Gaussian noise with standard deviations of 0.04, 0.06, 0.1, 0.2, 0.5, and 1 μV were added to mimic normal, averaged EEG recordings and to observe its effect on dipole localization. The impact of noise on the simulated potentials can be expressed as the signal-to-noise ratio (SNR). SNR is defined as the ratio between the average root-mean squared (RMS) potential value over all electrodes and the RMS noise value used in this study, as shown in Table [1](#T1){ref-type="table"}\[[@B18],[@B19]\].

###### 

Average SNR values of potentials resulting from all tangential dipoles. The SNR is defined as the root mean square (RMS) value of the simulated signal across all 50 electrode sites by the RMS simulated noise level. SNR values resulting from radial dipoles are slightly (\~5%) lower (not shown here).

  **RMS Noise (μV)**   **Average SNR**
  -------------------- -----------------
  0.035                40
  0.052                25
  0.087                18
  0.180                8
  0.430                4
  0.870                2

Dipole localization was carried out using the MUSIC algorithm \[[@B20],[@B21]\] on the same realistic head model from which the forward computations were made. For each noise level in Table [1](#T1){ref-type="table"}, we used 20 sets of Gaussian noise distributions in order to obtain statistically meaningful results. With these noise sets, the localization procedure was repeated 20 times for each dipole location in each of the 6 noise levels. In all, 44,160 inverse solutions were performed. The resultant dipole locations were compared with the original setting of the test dipole locations to estimate the errors of source localization caused by deep and superficial sources at different noise levels. Errors are defined as the square root of the sum of squares of the errors in the 3 axes between the position of the original dipole and calculated dipole. The results were then averaged for each dipole location, orientation and noise level. In our discussion, localization errors will be summarized as the average error of deep (35--65 mm) and superficial (5--35 mm) sources.

Results
=======

The accuracy in terms of dipole localization error is depicted in Figure [3](#F3){ref-type="fig"} for tangential and radial dipoles in the parietal and temporal regions. Each inverse calculation was carried out using the same volume conductor from which the simulated potentials originated; thus, the only modelling parameter affecting localization results was the addition of simulated random noise. Results with no added noise yielded no localization errors.

![Average localization errors for simulated tangential and radial dipoles placed in the parietal region (top) and temporal region (bottom) for different depths and signal to noise ratios (SNR).](1475-925X-2-14-3){#F3}

Overall, localization errors increased with dipole depth and level of simulated noise (Figure [3](#F3){ref-type="fig"}). This trend is similar for sources in both parietal and temporal regions. For RMS noise values below 0.180 μV (8--40 SNR range), localization errors are only moderately influenced by the level of noise, regardless of source depth and orientation. However, as the noise level increases, differences in accuracy between superficial and deep sources begin to emerge. For noise levels above 0.43 μV (2--4 SNR range), average localization errors were 2 and 4 mm for superficial and deep sources respectively. No significant differences in accuracy were found for sources in temporal and parietal regions. However, a slight difference in accuracy between tangential and radial sources (Figure [3](#F3){ref-type="fig"}) was seen. This difference is largest for deep sources.

Discussion
==========

Figure [2](#F2){ref-type="fig"} shows the mean RMS potential value at 50 electrode sites due to radial and tangential dipoles as a function of dipole depth. The difference in averaged potentials between radial and tangential sources is approximately 0.4 μV in shallow regions, and 0.6 μV in deeper regions. Since the average of potentials arising from deep radial sources is smaller in magnitude than that of deep tangential sources, the effects of noise on these smaller potentials may make it, on average, more difficult for the inverse algorithm to deal with. This suggests that the slight decrease in localization accuracy for deep radial sources is not directly due to its orientation, but to its susceptibility to noise. However, since this difference in accuracy only appears at very low SNR values, these small differences are of little clinical value.

Conclusions
===========

Given a set of measured scalp potentials, estimates of the location of neural activity are possible if a source and head model is specified. Sources can be located anywhere from near the surface of the cortex to deep within the brain stem. If the current dipole is used to model neural activity, its orientation can range from being parallel to perpendicular to the measuring surface. In this study, we examined the influences of dipole depth and orientation using an individual realistic head model for forward and inverse calculations. The findings are briefly summarized here:

• With the addition of simulated Gaussian noise (SNR \< 4), average localization errors are depth dependent, i.e., superficial sources are more accurately estimated than sources deeper within the brain volume. For low values of added noise (SNR \> 8), localization errors are fairly constant for both deep and superficial sources. No significant difference in accuracy for radial or tangential sources is to be expected.

• In very noisy data (SNR \< 4), a slight decrease in accuracy for radial sources can be expected, but not as much for tangential sources. However, EEG data of this quality is rarely used for source analysis.

It can therefore be concluded that, on average, noise plays a role in how accurately sources can be localized when using a realistic head model for forward and inverse calculations (for low levels of noise, the effects of dipole depth, and orientation are negligible). As the noise increases, localization accuracy begins to decrease, particularly for deep sources of radial orientation.
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